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(54) Improved electrochemical-sensor design 

(57) Disclosed is an improved electrochemical sen- 
sor having a base bearing a working and reference 
electrode which provides a flow path for a fluid test sam- 
ple. The working electrode has a reaction layer on its 
surface which contains an enzyme capable of reacting 
with an analyte to produce electrons which are received 
by the working electrode. The base is mated with a 
cover to form a capillary space into which the test fluid 
is drawn. The improvement involves configuring the 
working and reference electrodes so that a major por- 
tion of the reference electrode is located downstream 
on the flow path from the working electrode with the 
exception of a small sub-element of the reference elec- 
trode which is in electrical communication with the pri- 
mary portion of the reference electrode arid located 
upstream of the working electrode, this configuration 
provides the sensor with the capability of sending a 
greatly reduced electrical signal to the device's detect- 
ing element in the event that the capillary space is 
incompletely filled with test fluid. This reduced signal 
can be manipulated to produce an error signal which 
affirmatively apprises the device's user that such incom- 
plete filling has occurred. 
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Description 

Background of the invention 

[0001] The present invention relates to an electro- 5 
chemical biosensor that can be used for the quantitation 
of a specific component (analyte) in a liquid sample. 
Electrochemical biosensors of the type under consider- 
ation are disclosed in U.S. Patent Nos. 5,120,420 and 
5,264,103. These devices have an insulating base upon 
which carbon electrodes are printed with the electrodes 
being covered with a reagent layer comprising a 
hydropnilic polymer in combination with ah oxidoreduct- 
ase specific for the analyte. These patents typically 
involve a spacer element, a generally U shaped piece 
and a cover piece, so that when the base, spacer ele- 
ment and cover piece are laminated together, there is 
created a capillary space containing the electrodes cov- 
ered by the reagent layer. In addition to the oxidoreduct- 
ase, there is included an electron acceptor on the 
reagent layer or in another layer within the capillary 
space. A hydrophilic polymer, e.g. carboxymethylcellu- 
lose, is used to facilitate the drawing of the aqueous test 
fluid into the capillary space. 

[0002] In U.S. Patent 5,141,868 there is disclosed 
another sensor in which the electrodes are contained 
within a capillary space. This reference describes the 
method of preparing a sensor by mating the base and 
cover plates which are adhered to the base to form a 
capillary space into which a fluid test sample such as 
blood is drawn. An alternative to this design is disclosed 
in U.S. Patent 5,798,031 in which the sensor is com- 
prised of two pieces, a base and a concave lid which, 
when fused together, form the capillary space. In either 
embodiment, working and reference electrodes are 
screen printed onto the base so that an electrochemi- 
calty created current can flow when these electrodes 
are electrically connected and a potential created 
between them. 

[0003] These devices have a base plate and lid 
which are laminated together with the U shaped spacer 
element in between so that the U shaped portion is 
open to provide a capillary space between the base and 
the cover. Touching the opening in the side of the sen- 
sor to a drop of test fluid such as blood results in the 
blood being drawn into the capillary space, so that it 
covers the reaction layer on the surface of the working 
electrode. An enzymatic reaction between the oxidore- 
ductase creates a flow of electrons which are carried by 
a mediator such as ferricyanide to the working electrode 
and flow through the working electrode to a meter which 
measures the magnitude of the current flow. The refer- 
ence electrode serves several purposes. First, it pro- 
vides a fixed potential against which the working 
electrode is controlled. Second, for a two electrode sys- 
tem, such as that depicted in Figs. 1 and 2, the refer- 
ence electrode is used to complete the electrical circuit. 
In this mode, each electron that is transferred to the 



working electrode is returned to the test solution on the 
reference electrode side. The device's software is pro- 
grammed to correlate the magnitude of this flow with the 
concentration of analyte in the test sample. In order for 
this current to flow, a complete circuit is formed by cov- 
ering both electrodes with the conductive test fluid and 
applying a potential therebetween. 
[0004] A problem which is sometimes associated 
with this sort of sensor occurs when an insufficient 
amount of blood is applied to the opening so that the ref- 
erence and working electrodes are not completely cov- 
ered with the sample, resulting in an incomplete current 
flowing across the electrodes. Since the amount of ana- 
lyte such as glucose detected by the sensor is directly 
portional to the current flowing through the detection 
meter, failure to completely cover the sensor's elec- 
trodes can result in an artificially low reading of the 
blood sample's glucose concentration. One technique 
for dealing with this under filling problem is disclosed in 
U.S. Patent 5,628,890 which involves a mechanism for 
preventing any response from being detected when the 
sample volume is too low to provide an accurate read- 
ing. This device involves a strip comprising an elon- 
gated electrode support defining a sample transfer path 
for directional flow of the sample from a sample applica- 
tion point. There is placed a working electrode in the 
sample transfer path and a counter or reference elec- 
trode down stream from the working electrode in the 
sample transfer path. Failure of the blood sample to 
totally cover the working electrode will result in no 
response from the reading mechanism due to the 
absence of a closed circuit through which current can 
flow. 

[0005] It would be desirable and it is an object of the 
present invention to provide an electrochemical sensor 
which affirmatively notifies the user when insufficient 
sample has contacted the electrodes. Upon receiving 
such a notice the user knows that an accurate reading 
cannot be obtained and that the sensor should be dis- 
carded in favor of a new one. 

Summary of the Invention 

[0006] The present invention is an electrochemical 
sensor for detecting the concentration of an analyte, 
e.g. glucose, in a fluid test sample, such as blood. The 
sensor comprises: 

1) a base which provides a flow path for the fluid 
test sample having on its surface a reference elec- 
trode and a working electrode in electrical commu- 
nication with a detector of electrical current, 

2) a reaction layer on the surface of the working 
electrode which contains an enzyme which reacts 
with the analyte to produce electrons that are trans- 
ferred to the working electrode, and 
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3) a cover which when mated with the base mem- 
ber forms a capillary space with an opening for the 
introduction of fluid test sample into this space. The 
capillary space encloses the flow path for the fluid 
test sample in which the reference and working 5 
electrodes are contained. These electrodes are sit- 
uated on the base in relation to the opening so that 
a major portion of the reference electrode is located 
downstream of the opening from the working elec- 
trode. The reference electrode contains a sub-ele- 
ment which, is located upstream of the working 
electrode, so that when electrical communication 
between only the sub-element of the reference 
electrode and working electrode due to incomplete 
filling of the capillary space by the fluid test sample 
occurs, there is insufficient flow of electrical current 
through the detector to constitute a valid test for the 
concentration of analyte in the fluid test sample. In 
the event of such insufficient flow of electrical cur- 
rent, the detector gives an error signal to notify the 
user that the test has failed and that it should be 
repeated. 

Brief Description of the Drawing 
[0007] 

Fig. 1 represents an exploded view of the sensor of 
the present invention. 

Fig. 2 represents the sensor's base and those ele- 
ments of the sensor which are applied directly to 
the base. 

Description of the Invention 

[0008] The construction of the electrochemical sen- 
sor with which the present invention is concerned is 
illustrated by Fig. 1 . The sensor 34 is made up of insu- 
lating base 36 upon which is printed in sequence (typi- 
cally by screen printing techniques) an electrical 
conductor pattern 38, an electrode pattern (39 and 40) 
an insulating (dielectric) pattern 42 and finally a reaction i 
layer 44. The function of the reaction layer is to convert 
glucose, or another analyte in the fluid test sample, sto- 45 
ichiometrically into a chemical species which is electro- 
chemically measurable, in terms of electrical current it 
produces, by the components of the electrode pattern. 
The reaction layer typically contains an enzyme which 
reacts with the analyte to produce mobile electrons on so 
the electrode pattern and an electron acceptor such as 
a ferricyanide salt to carry the mobile electrons to the 
surface of the working electrode. The enzyme in the 
reaction layer can be combined with a hydrophilic poly- 
mer such as polyethylene oxide). The two parts 39 and 55 
40 of the electrode print provide the working 39 and ref- 
erence 40 electrodes necessary for the electrochemical 
determination of the analyte which is the crux of the 



present invention. The working and reference elec- 
trodes are configured in a manner such that the major 
portion of the reference electrode is located down- 
stream (in terms of the direction of fluid flow along the 
flow path) from the exposed portion of the working elec- 
trode 39a. This configuration offers the advantage of 
allowing the test fluid to completely cover the exposed 
portion of the working electrode for all cases in which an 
undetected partial fill has occurred. However, sub-ele- 
ment 40a of the reference electrode is positioned 
upstream from working electrode upper element 39a so 
that when an inadequate amount of fluid such as blood 
to completely cover the working electrode enters the 
capillary space there will be formed an electrical con- 
nection between reference electrode sub-element 40a 
and exposed portion of the working electrode upper part 
39a due to the conductivity of the blood sample. How- 
ever, the area of the reference electrode which is avail- 
able for contact by the blood sample is so small that only 
a very weak current can pass between the electrodes 
and hence through the current detector. By program- 
ming the current detector to give an error signal when 
the signal it receives is below a certain pre-determined 
level, the sensor device of the present invention actively 
advises the user that insufficient blood has entered the 
sensor's cavity and that another test should be con- 
ducted. While the particular dimensions of the elec- 
trodes are not critical, the area of the sub-element of the 
reference electrode is typically less than about 10% 
than that of the working electrode and preferably, less 
than about 6%. This element is made as small as possi- 
ble in view of the restraints of the screen printing proc- 
ess. It is also contemplated that reaction layer 44 can be 
removed from contact with sub-element 40a of the 
counter electrode. This is accomplished by producing a 
screen that does not print reagent ink over the reference 
electrode sub-element 40b and serves the purpose of 
starving the sub-element for reagent thereby not allow- 
ing it to function as a proper reference electrode, so that 
an error condition is achieved in the case of failure of the 
test fluid to contact the bulk of the reference electrode 
40. While sub-element 40a is depicted as being physi- 
cally connected to, and therefore part of, the reference 
electrode 40, such physical connection is not critical. 
Such sub-element can be physically disconnected from 
the rest of the reference electrode provided that it is pro- 
vided with its own connector and the sensor is equipped 
with a third contact to the detector. 
[0009] The two parts 39 and 40 of the printed elec- 
trode provide the working and reference electrodes nec- 
essary for the electrochemical determination of analyte. 
The electrode ink, which is about 14u. (0.00055") thick, 
typically contains electrochemically active carbon. 
Components of the conductor ink are a mixture of car- 
bon and silver which is chosen to provide a low chemi- 
cal resistance path between the electrodes and the 
meter with which they are in operative connection via 
contact with the conductive pattern at the fish-tail end of 
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the sensor 45: The reference electrode can be com- 
prised of silver/silver chloride although carbon is pre- 
ferred. The function of the dielectric pattern is to 
insulate the electrodes from the fluid test sample except 
in a defined area near the center of the electrode pat- 5 
tern to enhance the reproducibility of the meter reading. 
A defined area is important in this type of electrochemi- 
cal determination because the measured current is 
dependent both on the concentration of the analyte and 
the area of the reaction layer which is exposed to the 10 
analyte containing test sample. A typical dielectric layer 
42 comprises a UV cured acrylate modified polymeth- 
ane which is about W\i (0.0004°) thick. The lid 46 which 
provides a concave space 48, and which is typically 
formed by embossing a flat sheet of deformable mate- 75 
rial, is punctured to provide air vent 50 and joined to the 
base 36 in a sealing operation. The lid and base can be 
sealed together by sonic welding in which the base and 
lid are first aligned and then pressed together between 
a vibratory heat sealing member or horn and a station- 20 
ary jaw. The horn is shaped such that contact is made 
only with the flat, non-embossed regions of the lid. 
Ultrasonic energy from a crystal or other transducer is 
used to excite vibrations in the metal horn. This 
mechanical energy is dissipated as heat in the plastic 25 
joint allowing the bonding of the thermoplastic materi- 
als. The embossed lid and base can also be joined by 
use of an adhesive material on the underside of the lid. 
The method of joining the lid and base are more fully 
described in U.S. Patent 5,798,031 which is incorpo- 30 
rated herein by reference. 

[0010] Suitable materials for the insulating base 
include polycarbonate, polyethylene terephthalate and 
dimensionally stable vinyl and acrylic polymers as well 
as polymer blends such as polycarbonate/polyethylene 35 
terephthalate and metal foil structures such as a 
nylon/aluminum/polyvinyl chloride laminate. The lid is 
typically fabricated from a deformable polymeric sheet 
material such as polycarbonate or an embossabte 
grade of polyethylene terephthalate, glycol modified pol- 40 
yethylene terephthalate or a metal foil composition such 
as an aluminum foil structure. The dielectric layer can 
be fabricated from ah acrylate modified polyurethane 
which is curable by UV light or moisture or a vinylpoly- 
mer which is heat curable. 45 
[0011] The construction of a sensor according to 
the present invention is accomplished according to the 
following example: 

Example I so 

[001 2] The base stock, typically of polycarbonate, is 
printed with various inks to form the electrodes 39 and 
40 and then overcoated with a dielectric layer 42 in a 
predetermined pattern designed to leave a desired sur- 55 
face of the electrode exposed to contact by the fluid test 
sample as it enters the space formed by the mating of 
lid 46 and base 36. The particular configuration of the 



dielectric layer 42 as depicted in Fig. 1 in which opening 
43 leaves the reagent layer in electrical communication 
with the electrodes 39 and 40 is designed to define the 
extent to which all of the conductive elements (working, 
reference and sub-element electrodes) are exposed to 
the test fluid. Along with the printed conductive features, 
the dielectric layer defines the size of each of these ele- 
ments. The electrodes are preferably printed so that the 
conductive and dielectric layers are close to 90 degrees 
to each other. This helps in the tolerance stackup for 
building the sensor because it reduces the registration 
issues since as either printing shifts around the ele- 
ment, definition remains constant. The sensor base of 
the present invention is also illustrated in Fig. 2 in which 
all elements on the base are shown in the same plane. 
The sensor's base 36 has conductive element 38 on its 
surface which is in turn overcoated with working elec- 
trode 39 and reference electrode 40. Dielectric layer 42 
is not shown but instead the opening 43 in the dielectric 
layer is shown to illustrate the portions of working elec- 
trode 39 and reference electrode 40 which are exposed. 
The sub-element of the reference electrode which is in 
electrical communication with the larger portion of the 
reference electrode, designated as 40b, functions in this 
embodiment to provide an electrical conduction path 
with the working electrode such that the fluid can be 
detected as having reached the working electrode. Suf- 
ficient current will be provided to initiate the test 
sequence. If the test fluid fails to fill the sensor cavity 
and contact the major portion of the reference elec- 
trode, an error condition will be detected and communi- 
cated to the user of the device. 
[0013] A large number of sensors according to the 
present invention are fabricated from a rolled sheet of 
polycarbonate which has been unrolled to provide a flat 
surface. This sheet is referred to as the lid stock since it 
serves as the source for a multiplicity of lids. There is 
typically placed a layer of thermoplastic adhesive on the 
underside of the lidstock after which concave areas 48 
(Fig. 1) are embossed into the polycarbonate sheet and 
various holes are punched into the sheet to provide vent 
holes 50 and for registration and tracking before slit rib- 
bons of lidstock are rolled up. The base stock, typically 
of polycarbonate, is printed with various inks to form the 
electrodes and then overcoated with the dielectric layer 
in a predetermined pattern designed to leave a desired 
surface of the electrode exposed to the reaction layer 44 
when it is printed over the dielectric layer. 
[0014] The present invention introduces the advan- 
tage of providing an electrochemical sensor in which the 
reference and working electrodes can be configured so 
that in the event of a short fill, the result will be affirma- 
tive as opposed to a neutral response, i.e. a failure of 
the detector to give any signal. Thus, when the amount 
of test fluid which enters the capillary space is sufficient 
to cover the sub-element of the reference electrode 40a, 
or 40b in the preferred embodiment, and that portion of 
the working electrode 39a which lies upstream from the 
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main portion of the reference electrode 40, the detector 
will sense a current but the current will be weaker than 
would be the case if the working and reference elec- 
trodes were completely covered with the test fluid. The 
detector can be connected with the reading means to 5 
provide an error signal which will alert the user to the 
occurence of a short fill. There are provided means for 
sensing certain characteristics of the current over time 
that are used along with the absolute current level to 
determine if an error condition has occurred. This is w 
accomplished by algorithmically programming the 
meter to detect the short fill by measuring the current at 
a definite time period, after the test fluid has electrically 
connected the sub-element of the reference electrode 
with the working electrode. The ratio of the currents for 15 
the two measurements is used to determine if the sen- 
sor has filled properly. For example, the current is meas- 
ured at 5 and 10 seconds after the application of the 
driving potential to the circuit, and these two currents 
are converted into a ratio. This ratio and the current 20 
reading at 10 seconds are used to determine if the sen- 
sor's capillary space has filled properly. A sample calcu- 
lation is as follows: Three cunent measurements are 
made during the test sequence: 1) at the end of an initial 
period known as burn-off in which the driving potential 25 
has been applied for 10 seconds denoted as l r10 ; 2) at 
the 5 seconds during the second period known as the 
read period when the potential is applied denoted as 1^; 
and 3) at the end of the read period denoted as l r10 . See 
Figure 1 . Two parameters are determined from the three 30 
current measurements. These two parameters are used 
to determine if the sensor's capillary space has filled 
properly. The first parameter is the decay factor, which 
describes the shape of current time course. The second 
parameter is a ratio that characterizes the rate of decay 35 
in the current level during the read phase. The decay 
factor, k, is defined as: 



ln(l rS )-ln(l rl0 ) 
ln(10)-ln(5) 



Eq.1 



(1) lf k <0.227 or k>0.497; or 

(2) If R/B <0.263 or R/B >1.263. 

A sample calculation is as follows: 
An under-filled sensor produced the following three cur- 
rent measurements: 

I_b1 0=505.1 nA, I_r5=656.5 nA, and 
I_r1 0=561 .8nA. 



The decay factor and Read-to-Burn ratio were calcu- 
lated from the current measurements: 

Decay factor 
[0015] 



_ ln(l rS )-ln(l ^ ^ in(656.5)-ln(561.8) 
ln(10)-ln(5) ln(10)-ln(5) 



Read-to-Burn ratio 



[0016] 



0/8 = 1 no " bio = 561 8/505.1 =1.11 



40 



The Read-to-Burn ratio, R/B is defined as: 

R/B = , ria / Uio E <1- 2 45 

The criteria for a short fill using these parameters are: 



50 



55 



These two parameters were used to detect the following 
error conditions: 

• k<0.227 or k>0.497 at this glucose readback level. 
True because k=0.22 <0.227; 

• R/B<0.263 or R/B>1 .263 at this glucose readback 
level. False because R/B = 1.11 >0.263 .and 
<1.263. 

[0017] By providing a device which gives a positive 
(as opposed to a neutral) response in the event of a 
short fill, the user will recognize that the abortive func- 
tion of the test is a result of too little blood entering the 
capillary space rather than some other malfunction hav- 
ing caused the anomalous result. 

Claims 

1. An electrochemical sensor for detecting the con- 
centration of analyte in a fluid test sample which 
comprises: 1 ) a base which provides a flow path for 
the fluid test sample having on its surface a refer- 
ence electrode and a working electrode in electrical 
communication with a detector of electrical current; 
2) a reaction layer on the surface of the working 
electrode comprising an enzyme which reacts with 
the analyte to produce electrons that are trans- 
ferred to the working electrode; and 3) a cover 
which when mated with the base member forms a 
capillary space with an opening for the introduction 
of fluid test sample thereto which space contains 
the flow path for the fluid test sample in which the 
reference and working electrodes are situated so 
that the major portion of the reference electrode is 
located downstream of the opening from the work- 
ing electrode with a sub-element of the reference 
electrode being upstream of the working electrode 
so that when electrical communication between 
only the sub-element and working electrode takes 
place there is insufficient flow of electrical current 
through the detector to constitute a valid test for the 
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concentration of analyte in the fluid test sample and 
the detector is pre-programmed to emit an error sig- 
nal in the event of such insufficient flow of electrical 
current. 

5 

2. The sensor of Claim 1 wherein the reference elec- 
trode and the sub-element are physically con- 
nected. 

3. The sensor of Claim 1 wherein the cover is made of 10 
a deformable material which is deformed to provide 

a concave area in the central portion thereof such 
that when the cover is mated with the base member 
the cover and the base member form the capillary 
space with the opening therein. J5 

4. The sensor of Claim 1 wherein the opening to the 
capillary space is solely through the cover or the 
base member. 

20 

5. The sensor of Claim 4 wherein the opening is solely 
through the cover. 

6. The sensor of Claim 1 wherein the base and cover 
are configured to form the opening when they are 25 
mated. 

7. The sensor of Claim 6 wherein the cover is concave 
and the opening is formed by mating the based with 

the concave cover. 30 

8. The sensor of Claim 1 wherein the enzyme is glu- 
cose oxidase. 

9. The sensor of Claim 1 wherein a major portion of 35 
the working electrode is covered by a dielectric 
material leaving a minor portion of it exposed to the 
test fluid and the major portion of the reference 
electrode is located downstream (in terms of the 
direction of fluid flow along the flow path) from the 40 
exposed portion of the working electrode. 

10. The sensor of Claim 1 wherein the sub-element of 
the reference electrode is not physically connected 

to the main : element of the reference electrode and 45 
the sub-element is connected to the detector by its 
own connecting element. 
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